The hydrogen evolution on platinum is a milestone reaction in electrocatalysis as well as an important reaction towards sustainable energy storage. Remarkably, the pH dependent kinetics of this reaction is not yet fully understood. Here, we present a detailed kinetic study of the hydrogen adsorption and evolution reaction on Pt(111) in a wide pH range. Impedance and Tafel slope measurements show that the hydrogen adsorption and hydrogen evolution are both slow in alkaline media, which is consistent with the observation of a shift in the rate-determining step for H2 evolution.
Introduction
There is a global call for industrial processes that combine economic progress with long-term preservation of natural resources. In terms of technological advances for sustainable energy production 1, 2 , there is a recent renewed interest to realize the soThis is a previous version of the article published in Nature Energy. 2017, 2: 17031. doi:10.1038/nenergy.2017. 31 called hydrogen economy 3, 4 by photocatalytic water splitting or by the combination of photovoltaics with water electrolysis 5, 6 . Methane steam-reforming 7 is currently the most cost-efficient technology available for hydrogen production, but unsustainable in the long run as it is still based on the deployment of fossil fuels. In order for the hydrogen economy to meet our future energy demands 8 , there are, however, various fundamental bottlenecks to be overcome, such as that related to the efficient catalysis of the associated multi-proton multi-electron transfer reactions. Essentially, significant advances are required to lower the high inherent costs of electrocatalysts, by increasing the efficiency of water oxidation, by the replacement of scarce and expensive catalyst materials by earth-abundant alternatives, and by maximizing their durability and lifetime. Substantial efforts have thus been devoted to lowering the costs of the electrodes necessary for water splitting 9, 10 . Recent theoretical works exposed the mechanistic features of the oxygen evolution reaction (OER) 11, 12 , taking place at the anodes of electrolyzers, in which water is oxidized to produce molecular oxygen and protons. These insights motivated several reports on earth-abundant and highly-efficient OER anode materials that typically work at high pH 13, 14 . Unfortunately, the price to be paid for the use of alkaline conditions is a significant overpotential at the cathode, where the hydrogen evolution reaction (HER) takes place.
It has long been known in the electrochemistry literature that the kinetics of both the hydrogen evolution reaction (HER) and hydrogen oxidation reaction (HOR) on platinum are significantly slower in alkaline media than in acidic media [15] [16] [17] . The elucidation of the molecular-level origin of this problem would be of obvious importance for the further development of alkaline electrolyzers and alkaline fuel cells. Marković et al. have recently shown [18] [19] [20] how the oxophilicity of the interface, as modified by adsorbing a small amount of Ni(OH)2 on Pt(111), may improve the kinetics of the HER/HOR, and ascribed this effect to the favorable interaction of surface adsorbed OHads with the relevant intermediates. Mechanistic studies on the HER 18, 19, [21] [22] [23] [24] have traditionally correlated reaction rates with thermodynamic descriptors, in particular the strength of the bond between hydrogen and the metal electrode, following the Sabatier principle 25, 26 . Gasteiger et al. and Yan et al. have suggested 22 ,27 that a pH-dependent H-binding energy lies at the origin of the pHdependent HER/HOR kinetics, and therefore they concluded that the H-binding energy is and remains the sole descriptor for the HER/HOR reaction. Specifically, 3 Yan et al. have considered the pH-dependent shifts of the voltammetric peaks in the so-called "underpotential deposition" (UPD) hydrogen region of polycrystalline platinum as evidence for such a pH-dependent H-binding energy. However, the molecular-level origin of the pH-dependent H-binding energy has remained elusive.
More importantly, we have recently argued 28 that the nature of the "hydrogen" peaks on polycrystalline platinum are unlikely to be associated with the adsorption of hydrogen only, but also include the effect of the adsorption of oxygenated species on (110) and (100) sites. Therefore, their peak potentials are not unambiguous indicators of H-binding energy. Additionally, on a Pt(111) electrode, there is no significant shift of the H-UPD with pH, but there is still a very significant pHdependence of the HER/HOR kinetics (see below). Therefore, it appears that in spite of the undeniable success of the traditional models, they overlook important kinetic details, and that a consistent explanation of why HER/HOR on Pt is slow in alkaline media is still missing.
In this work, we present a detailed kinetic study of the hydrogen adsorption and evolution reaction on a Pt(111) single-crystal electrode, in a wide pH range, and in the absence and presence of a small amount of Ni(OH)2 promoter. Electrochemical impedance spectroscopy is used to accurately measure the charge transfer kinetics of hydrogen adsorption. We present a new model for the rate of hydrogen adsorption step, based on the idea that the barrier for this reaction depends on how close or remote the electrode potential is in relation to the potential of zero (free) charge (pzfc). The laser-induced temperature jump technique is then used to measure the potential of maximum entropy (pme), which is closely related to the pzfc, to show that at pH 13, the addition of Ni(OH)2 to Pt(111) indeed shifts the pme/pzfc closer to the hydrogen adsorption region. We attribute the impact of the pzfc on the activation barrier of hydrogen adsorption to the energy penalty associated with the reorganization of interfacial water to accommodate charge movement through the double layer. In acid media, the pzc/pme of Pt(111) is close to the hydrogen region, and the energy of reorganization of the interfacial water to move a proton through the double layer is relatively small. In alkaline media, the pzc/pme of Pt(111) is far from the hydrogen region (i.e. close to the OHads region) and the corresponding strong electric field existing at the electrode/electrolyte interface in the hydrogen region leads to a large reorganization energy for interfacial water when OH -transfers 4 through the double layer. In general terms, our results show how a cost-effective, earth-abundant metal as nickel, in the form of nickel hydroxide, promotes the reorganization of water networks at the electrode-electrolyte interface by shifting the pzc closer to the equilibrium potential of the HER reaction, thereby enhancing the reaction rate for the hydrogen evolution at high pH values. Our model also suggests a new strategy for designing new and better electrocatalysts in aqueous media, highlighting the role of the interfacial solvent reorganization on ion transfer steps.
Results and Discussion
Kinetic measurements on H adsorption and H2 evolution as a function of pH To demonstrate that the pH also affects the rate of hydrogen adsorption in the H-UPD region, we studied the kinetics of hydrogen adsorption in the 0.1-0.3 V potential window. Figure 2 The data collected for the entire H-UPD region were fitted to the EEC shown in Figure 2a and can be found in Supplementary Figure 1 . From the Nyquist plots presented in Figure 2b we notice that for alkaline pH we observe two semicircles. meaning that the H-UPD charge transfer process is too fast to be measured in acidic media 17 . These experimental observations reveal that not only the HER and the associated H-OPD formation is slower in alkaline media, but also the H-UPD formation is slower, even if the thermodynamic driving force for hydrogen adsorption is the same (as all potentials are referred to the RHE scale and there is no observable pH dependence of the H-binding energy on Pt (111)).
The Rct measurements were performed for solutions with different pH value for the H-UPD region and are shown in Figure 2c . The Rct for pH 7 is shown for comparison with the alkaline pH values (pH 7 was measured in a phosphate buffer, but since there is no phosphate adsorption in the H-UPD region 30 , we do not expect an impact of phosphate on the hydrogen adsorption rate). From the figure we observe that the charge transfer resistance is both pH-and potential-dependent. Charge transfer resistances are obtained from fits of the data in Supplementary Figure 1 The mechanism for the hydrogen evolution at each pH value can be derived from the relationship between the current density and overpotential, known as Tafel plots. In order to estimate the Tafel slopes, we recorded polarization curves at 10 mV.s -1 under argon atmosphere, using 0.1 M solutions with various pH values between 1 and 13, as shown in Supplementary Figures 2 and 3 We find that on Pt(111) the Tafel slope increases with pH, as reported previously 16, 32, 33 for pre-activated polycrystalline platinum electrodes. The significant conclusion from the combination of Figures 1, 2 and the Tafel slope measurements is that not only the rates of HER and H-UPD on Pt(111) change with pH, but also the HER mechanism.
The relation of the rate-determining step in the mechanism to Tafel slope analysis has been described elsewhere 34 . Experimental reports 33 37 The interpretation of the measured Tafel slope is as follows. A value around 120 mV.dec -1 implies that the first electron-transfer step (ET) is rate-determining (RDS), meaning that in alkaline media the so-called Volmer step H2O + e -→ Hads + OH -is the slowest reaction step. A Tafel slope of ca. 40-30 mV.dec -1 implies that either the second ET step is the RDS or the RDS is a chemical step preceded by two ET steps, indicating that in acidic media the mechanism involves the Volmer step H + + e -↔ Hads in equilibrium, followed by a rate-determining Tafel step 2Hads → H2 or a rate-determining Heyrovsky step H + + e -+ Hads → H2. These mechanistic implications are consistent with the observation that in alkaline solutions the hydrogen adsorption reaction is a slow reaction, whereas in acidic media this step is fast and in equilibrium. The experiments in Figures 1 and 2 were performed in the absence of H2 gas in solution, as we aim to study only the hydrogen adsorption and hydrogen evolution reactions. The fast and slow kinetics and the corresponding Tafel slopes measured for the HER at pH=1 and pH=13 are independent of whether the experiment is performed in Argon or H2 saturated solution (see Supplementary is that this enhancement also applies to the rate of H-UPD formation (Fig.3b) . From the Tafel plots in Figure 3a we can observe that the rate for hydrogen evolution in the presence of Ni(OH)2 is now in between that for pH 13 and pH 1 on pure Pt(111), with a corresponding change in Tafel slope. Together with the data in Fig.3b, this suggests that the role of Ni(OH)2 is to lower the barrier for the hydrogen adsorption reaction, rather than to change the energetics of the hydrogen intermediate or the mechanism. Our suggestion here is that the rate of hydrogen adsorption on Pt(111) (and hence of hydrogen evolution, if hydrogen adsorption is rate-determining) has a pH dependent barrier because the interfacial water structure at the Pt(111) electrode is pH dependent. During the hydrogen adsorption reaction, charge has to move through the interfacial double layer (H + in acid and OH -in alkaline). The rate of such a charge transfer reaction depends on the extent to which the solvation environment (i.e. the water) can accommodate this charge migration. If the interfacial water is easily reorganized, charge transfer through the double layer will be rapid; if the interfacial water is rigid and difficult to reorganize, charge transfer through the double layer will be slow. An important parameter to influence the extent to which the interfacial water can be reorganized is the interfacial electric field. The interfacial electric field is determined by the charge separation between the metal electrode and the electrolyte solution, which in turn is dependent on the position of the potential of zero charge (pzc). In the presence of adsorption reactions, a distinction should be made between total and free charges 38 . While the latter represents the true charge determining the electric field at the interface, the total charge, which includes also the charge stored in the bond of adsorbed species, is the only available parameter from electrochemical measurements. To obtain the potential of zero free charge, additional measurements and assumptions are necessary to separate adsorption reactions from the true capacitive processes. In the absence of a strong interfacial electric field, i.e. close to the potential of zero (free) charge (pzfc), water is relatively free to reorient and hence easy to reorganize. In the presence of a strong interfacial electric field, i.e. further away from the pzfc, water is much more rigid and hence more difficult to reorganize.
As has been shown by previous work [39] [40] [41] , while the pzfc cannot be directly measured, an estimation can be obtained from values of CO charge displacement experiments. This is achieved by extrapolating the charge in the double layer region either into the hydrogen adsorption region (acid solutions) or into the hydroxyl adsorption region (alkaline solutions). In this way, a relatively constant value of pzfc is obtained, independent of pH on the SHE scale. This means that pzfc changes from the double layer region (0.34 VRHE) in acidic solutions to the onset of the surface oxidation (ca. 1.0 VRHE) in strongly alkaline solutions 40 . As a consequence, at a given potential on the RHE scale, the strength of the electric field and the energy associated with the (re)organization of interfacial solvent molecules will depend on pH. Since the H-UPD region is far from the pzfc of Pt(111) in alkaline media, the hydrogen adsorption reaction is slow in alkaline solutions. In this model, a way to compensate this strong electric field is to use surface modifiers, such as nickel, that bring the pzfc closer to the equilibrium potential of the hydrogen evolution reaction.
The estimation of the pzfc mentioned above is based on an extrapolation and therefore subject to some uncertainty, since the double layer capacity is likely to change when hydroxyl groups adsorb on the electrode surface. In order to evaluate the sign and magnitude of the electric field at the interface and the effect of Ni(OH)2 on them, we have employed the laser-induced temperature jump method. This technique uses short laser pulses to increase the temperature of the solvent at the interface for a very brief period of time 42, 43 . During the relaxation at open circuit, the temporal change in potential induced by the temperature perturbation is registered.
The sign of the transient gives information about the average orientation of the interfacial solvent that existed at the potential before the potentiostatic control was removed and the short laser pulse was applied. It is implied in this interpretation that adsorption processes are not fast enough to follow the temperature perturbation.
Specifically, the potential for which the polarity of the transient changes is identified as the potential of maximum entropy (pme), which is expected to be closely related to the pzfc. Previous comparisons 43 between the pme and pzfc of Pt(111) in acidic solution indeed show a close correspondence between the two quantities.
Details regarding the laser-induced temperature jump method can be found in the literature 43 , and a detailed study of the pme of Pt(111) in alkaline solutions will be given in a separate publication. In the present work we focus on the effect of Ni(OH)2 on the pme. The method was used to determine the pme of the Pt (111) 
Conclusions
Given the experimental evidence presented in this paper, we conclude that a pHdependent shift in the H-binding energy does not explain the significant pH dependence of the HER overpotential on Pt(111). We have studied its kinetic origin by a thorough interpretation of combined impedance measurements, Tafel plot analysis and laser-induced temperature jump experiments of interfacial solvent reorganization. We showed that not only the HER is slower in alkaline media, but also the H-UPD adsorption is slower, even if the thermodynamic driving force is the 16 same on the RHE scale for the different pH values. Also the rate-determining step in the mechanism for the hydrogen evolution reaction is affected by the pH, in agreement with the observation that hydrogen adsorption becomes a kinetically hindered step in alkaline media. 
Methods
Experiments were carried out in a fluorinated ethylene propylene (FEP, Nalgene) electrochemical cell for alkaline solutions, whereas a glass cell was preferred for acidic solutions, using a three-electrode assembly at room temperature in both 
